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Effects of spatial and combined parity nonconservation in molecules with inversion level doubling, in
particular in the ammonia molecule, are considered. Because of the closeness of the opposite-parity
components of the inversion doublet, these effects become enhanced. The operator that violates only the
spatial parity does not mix the doublet components, so that the degree of spatial-parity nonconservation
still turns out to be small, of the order of 10~!". Nonetheless, at the high accuracy of modern radio-
frequency measurements, this effect can be revealed by the splitting of the ammonia-maser mode. When
combined parity is violated, the doublet components are intermixed in the lower order. By observing the
linear Stark effect in the molecules NH, and AsH, it is possible to estimate the constants of the
combined-parity violating interaction and the electric dipole moment of the proton.

PACS numbers: 33.70. — w, 33.55. 4+ ¢, 31.90. +s

Nonconservation of spatial (P) and combined (CP or
T) parity in atoms and molecules is a problem that is
being intensively investigated in recent years both the-
oretically and experimentally. The results of experi-
ments aimed at observing optical rotation as a conse-
quence of P-parity violation in the vapor of the Bi
atom', and the corresponding theoretical predictions,?
are widely discussed. Experiments with Tl, Cs, and Xe
atoms® yielded the best upper-bound estimates for the
electric dipole moment d, of the electron. Similar ef-
fects were considered theoretically*- also for the di-
atomic molecules T1F, BiS, and PbF, and was shown
that for BiS and PbF (Refs. 5 and 6) the upper bound of
d, can be improved by another factor 10°. In Refs. 5-

7 were also considered possible effects of P-parity non-
conservation in the spectra of diatomic molecules.

In the present paper we consider the effects of P- and
T-parity nonconservation in molecules with inversion
level doubling, particularly in the ammonia molecule.
This analysis is of interest for several reasons. First,
parity nonconservation in such molecules manifests it-
self somewhat differently than in diatomic molecules,
and the experiment can be performed in a different
manner. Second, parity nonconservation effects in am-
monia can be observed directly on the maser transition,
and this seems to enhance the productivity of the exper-
iment.

The most thoroughly investigated example of a mole-
cule with a noticable inversion doubling of the levels is
the ammonia molecule NH;. The configuration of the
nuclei of the NH, molecule in the ground state consti-
tutes a triangular pyramid, with the nitrogen nucleus
at the apex and a triangle of hydrogen nuclei at the base.
Since there are two equally probable configurations in
which the nitrogen nucleus is on opposite sides of the
hydrogen-nuclei plane, the potential curve of the cor-
responding normal vibration takes the form of a double
well with a barrier of finite height. The wave functions
that describe the real vibrational states of the molecule
are linear combinations of the wave functions for each
of the wells. These functions can be symmetrical or
antisymmetrical with respect to operation of the reflec-
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tion of the nitrogen nuclei in the plane of the hydrogen
nuclei. Then the total wave function of the molecule will
have a definite parity with respect to the operation of in-
version of the coordinates of all the nuclei and elec-
trons. When the tunneling probability is taken into ac-
count, the vibrational levels corresponding to the mode
under consideration split into two, and to each of the
split sublevels corresponds a state with definite parity.

The magnitude of this splitting, within the framework
of the one-dimensional model, is given by®

AE=2p~'9(0)¢'(0), 1)

where ¢(0) and ¢-(0) is the vibrational wave function
and its derivative at the point corresponding to the cen-
ter of the barrier, and u is the reduced mass. Since
the function ¢ is assumed to be centered on the (right
or left) well, the value of AE will be smaller the higher
the barrier. Despite the relative smallness of the bar-
rier in the NH; molecule, the inversion splitting still
remains small: AE =0.,66 cm™, The idea of the pres-
ent paper was to use this smallness, i. e., the proxim-
ity of the levels of opposite parity, to enhance the ob-
servable parity nonconservation effects.

The general form of the effective potentials of the in-
teraction of the electron with the nucleus, Vp and Vp,
which violate the space and combined parity, respectiv-
ely, is according to Refs. 6 and 9

Vp=c,%(<z £,5+ £,D[ps® (-—R) 1, +ifa [s1] [p6 (r=R) ]}, (2)

nuc

8,5 +2,D[ps" (r—R) ]+ [s1] [p6™ (r—R) 1.}. - (3)

nuc

1 .
ch = m {Z(Z

We use here the atomic units Z=e =1, with c the speed
of light, m the electron mass, Z, . the nuclear charge,
s and I the electron and nuclear spin operators, p the
electron momentum operator, and f; and g; dimension-
less real constants; [...]¥ denotes a commutator or an
anticommuntator.

We examine now how the operators V, and Vp mix
states of different parity in molecules with inversion
doubling of the levels. The total molecule wave function
corresponding to a state with definite parity can be
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written in the adiabatic approximation in the form

Ya(ry, ... Eng Ryl RN““‘:) =Yel (1‘1, e a BN R’;_ . ,R%l“é_<
Xq’*(g‘)(pvnb(g-v LR} E )X:xm(ap'f) ) . ,,:,,
XNsws(0:°, ..., On,°) TII\MNIHMH (afye.., °"n::c)' (4)

Here y,(r,,...;R,,...) is the electronic wave function
of the fully symmetrical gound state (this function de-
pends parametrically on the coordinates of the nuclei
and is written in a reference frame rotating together
with the nuclei); ¢ +(£,) is the wave function of the vi-
brational state and corresponds to the inversion vibra-
tion; ¢,4(£,...) is the wave function of the ground state
for all the remaining vibrations; £,,..., £, are the nor-
mal coordinates; x ,KMJ,(aBy) is the rotational function;
o, 3, andy are the rotation angles; J is the total ang-
ular momentum of the molecule; K and M, are its pro-
jections on the molecule axis and on an arbitrary ex-
ternal direction; ng,(of...) is the spin function of the
electrons; 7,N(o ..
IL,M}“ are the spin of the nitrogen nucleus and its pro-
jection; I M7 is the combined spin of the hydrogen nu-
clei and its projection; N, and N, are the numbers of
the electrons and nuclei in the molecule. When the hy-
perfine structure is taken into account, the angular
momentum of the molecule J and the spin momentum of
the electrons S must also be connected with the spin
momenta I~ and I¥ of the nuclei.

To simplify the deviations that follow, we retain only
the interaction of the electrons with the heaviest nitro-
gen nucleus and take into account only inversion vibra-
tions, assuming that the threefold axis coincides with
the movable axis z. We locate the origin in the plane of
the hydrogen nuclei. We consider now the calculation of
), which determines the
mixing of the states ), by the operators V and Vp.
Since the ground state of the ammonia is a singlet, the
averaging of operators (1) and (2) with the spin functions
of the electrons causes the vanishing of those terms of
(1) and (2) which contain the electron spin 8. Thus, ex-
periments with ammonia yield information on the con-
stants f, and g,.

The dependence on the rotational quantum numbers J
and K, as well as on the nuclear spin IV in the matrix
elements for the molecules of the symmetrical-top type
is determined in exactly the same manner as for di-
atomic molecules.! We can therefore use the results
obtained in Ref. 7 for diatomic molecules, and write
[N (I"+1)+I(J+1)—F (F+1) 1K

4J (J+1)

X (lpelq)-%q)viblle\l’elq)—‘Pvib)v (5)
where F is the quantum number that determines the
components of the hyperfine structure, and U, is the
component of the electron vector defined by the equation

V=IU (6)
in the rotating coordinate system.

(FIVI=d=(—1)"""

Since the nitrogen nucleus is assumed by us to be lo-
cated on the z axis and the normal coordinate coincides
with the coordinate z of this nucleus in the c.m.s., the
operators [p5§¥(r - R)], in (1) and (2) can be replaced by

—ix [%6(z—-Z) ]1,
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.) is the spin function of the nuclei;

where the factor » =17/3 results from the changeover
to the c.m.s. The operator is now independent. of the
coordinates £,,..., £,, and since we are disregarding
also the dependence of },; on these coordinates, we can
now integrate with respect to the coordinates and obtain
unity by virtue of the normalization of the function ¢ ,,.
In the electron wave function (7, ...,7y,;Z) We must
put x;=y,=0. The matrix element now takes the form
1Y (IN+1) +1 (J+1) —F (F+1) 1K
41 (J+1) '

Xj\Pcl'(zhuqzn,; Z)‘P+. Z‘ [aiz‘ﬁ(m—z) ] .

zv,; Z2)@-(2)dzy,...,

ih
HVpepl=> = _# (—1)7-=

X’Pe\(zh ey
where h, =f,,ig,.

dzy_dZ, (7

In the single-electron approximation, Eq. (7) is re-
written in the form

ih.
<+|Vp,cpl"‘> == : 2

ANy

x Y Jo @00 @ [186-2) | wEde-@aaz,  (8)

where A ;N denotes the rotational spin factor, and the
summation extends over all the occupied states. Inte-
grating in (8) by parts, we obtain

HY porl > =2, Yil(Gewen)
(9)

X Pa (2; Z) Fpa® (3; Z) a—aztp(z; Z) ]q)+' (2)@-(2)6(z—~Z)dzdZ.

Since ¥, can be regarded as real, it follows from (9)
that the operator V,, in contrast to V., does not mix
the states y,. The reason is that the T-odd operator
[p5®(r -R)],, when averaged over the functions ¥,,,
yields some nuclear T-odd vector. On the other hand,
it is clear that at fixed positions of the nuclei there are
simply no nuclei vectors other than the T-odd space
vectors that determine the directions of the molecule
axes.

Mixing of the states i, with nonconservation of only
spatial parity can be attained only by taking into account
the other term in the interaction operator, i. e., by re-
placing V by

Vp’ f-

[PG"’(r—R)] I, (10)
where P is the nuclear momentum operator and M is
the mass of the nucleus. In view of the Galilean invar-.
iance, the potential of the electron—-nucleus interaction
can depend only on the relative velocity

V=p/m—P/M,
whence f, =~f,.

The operator V', adds to the matrix elements an addi-
tional small factor of the order (m/M)/2 (see below).
Replacing V by V% in (8) and again integrating by parts
we obtain in place of (9) the expression

if:%
7—5{'
x [o(z2) [(—(p+ (Z)) ?-(2)—g,° (Z) =79 (Z)] 8(z—2Z)dzdz, (11)

<+|Vp,l—> ==

AsxiNg
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where

p(z;Z)-Ehp.(z;Z)l' (12)

is the expression for the electron density in the mole-
cule at fixed positions of the nuclei.

Substituting in (11) the wave functions ¢ (Z) in the
form

1
(29 (Z2)= ﬁ {‘P (Z-Z,) =9 (Z+Zo)}y (13)
where ¢(Z ¥Z,) are centered respectively in the upper
and lower wells, we obtain

(+IVP’I—) = —'—if—z'z]illlx:“r

xfo(z:2) [q)(Z—Z.) UE+2)—(2+2) 5~ cp(Z—Z,.)]dZ (14)
Using the explicit expressions for the vibrational func-

tions of the ground state in the form®

0(Z+2Z,) = (po/n)" exp {—'/p0 (ZFZ,)?}, (15)
we transform (14) into
, 2ifsx
(+|Vp =)= c,m:MAnu"r
h
X(£2) "naZoexp(—noz,%}  0(2; D) oxpi-poz?}dz. (16)

Recognizing that in order of magnitude the vibration

frequency w is equal to m(m/M)'/? at. un., and that the
characteristic scale for the electron function i, (z32) is
Z~1/m at. un., we replace [¢,(Z;Z)|? under the integ-

ral sign by [¢,(0;0)|?. Then
, 2ify .
(V=) = c’:rfr.’:lA”'N’me“ exp {—poZ}p¥, (17)

where p.N is the electron density at the nitrogen nucleus.
As seen from (16), the matrix element (+|V3 |- ) con-
tains one more smallness given by the factor

exp {~poZ) ~exp {— (/m)"}

and connected with the poor overlap of the vibrational
functions of the different wells.

We consider now the possible manifestations of space
parity nonconservation in molecules with inversion
doubling. Parity nonconservation leads to a difference
between the emission and absorption probabilities W,
of the left- and right-polarized quanta, and consequently
to a difference between the absorption coefficients k,,
the refractive indices n,, and the dielectric constants
€,. As shown in Ref. 10, the ¢, difference can be re-
vealed in principle by the splitting of the optical-reson-
ator mode. This idea can be used also in the radio-
frequency band. Generally speaking, if we disregard
the hyperfine structure, the effect turns out to be of
zero order, since the admixtures of the state |+) to [-)
and of the state |-) to |+) cancel each other. When the
hyperfine structure is taken into account this is valid
for transitions with AF =0, but not for transitions with
AF =11, In the latter case the effect is proportional to
the difference

AJKIN'_A."HNPgl-
According to Ref. 10 , the frequency splitting is de-
termined by the expression

223 Sov. Phys. JETP 51(2), Feb. 1980

Ao=0,~0_~cpcP 1 y . (18)
. [0 had O 1Y
where p is the gas density, o is the cross section for
absorption on the working transition, y is the line width,
w - w, is the frequency deviation from the line center,
and 2 is the degree of parity nonconservation in the
given transition. If, as in our case, the main transition
is electric and the admixture is magnetic, we get

P~ (19)

2+ - ( Wi, )'I:
AE We ) '

where (+ |V |-) is the matrix element of the interaction
that does not conserve parity, AF is the interval be-
tween the mixed levels of opposite parity, and Wy, and
W,, are the probabilities of the electric and magnetlc
dipole transitions.

We estimate now the value of Aw for the ammonia
molecule. The presence in (17) of an exponential that
varies rapidly with the molecular parameters makes
this formula unreliable. We therefore substitute in ex-
pression (1) for AE the vibrational functions (15) at Z
=0. Then

AE=40Z\(po/n)" exp {—pwZ,?}. (20)

Now &+ |V I—)/L\E contains no exponential and we obtain

HIV 1= ifan (nop)”
AE  20m* M

We shall assume that the order of magnitude of £, is de-
termined by the order magnitude of the weak-interaction
Fermi constant: f,~Gm?®~10"°(m/m,)?, where m, is the
proton mass. The frequency of the oscillation of inter-
est to us is w=6x10° cm™ =3 x10"% at. un.* The re-
duced mass of the NH; molecule is p=2.5m,.

A.nu"'p". (2 1)

To determine p® we use the single-electron wave func-
tions constructed by the MO LCAQO method!:
(N)

=109 0 —3-1095" 107 (95 s+ ) =210y,
~0.3 (v}
0 =0.03p. ™ 0.4, —03(H™ 4 Fpit™ ) H0.9%ap, (22)

(N)

A b ) 0205

(N) (Hy)

P2=0.03," +0.845;

(N) (N)

Pe=0.6 (b=p T 20, )
+0.5[2.6-p T +2-H(1=3-%) 0 24 (1+3-9) 9 .

There are two electrons each in the states ¥,, ¥,, and
U5, and four electrons in the state §,. The atomic func-
tions used were of the Slater type with screened charge
of the nucleus for the nitrogen atom, and hydrogen func-
tions for the hydrogen atoms, centered on the corres-
ponding nuclei. Calculation yields p¥=2 x 10*»° at. un.,
and for the ratio (+ |V,|-)/AE we get the estimate =10'°,
Recognizing that (W, l/WEl)1/2~ 102, we obtain the esti-
mate #=10""",

The absorption cross section o for the electric dipole
transition depends little on the transition frequency and
is of the order of 0~10"** cm?®. As seen from (18), the
effect is directly proportional to the gas density p. In
the ammonia-maser resonator itself, the density is rel-
atively low, p<10*® cm™3.'? Therefore the experiment
must be so performed that a cell with denser ammonia
should be placed inside the resonator. This produces
in (18) an additional factor L./L,, where L ,and L are
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the dimensions of the cell and resonator. The density
is limited by the absorption, which is determined by the

factor
=)}

The quadratic dependence on the frequency detuning in
this exponential makes it possible to decrease the ab-
sorption by increasing the detuning and simultaneously
increasing the density. Assuming, just as in Ref. 10,
that the maximum permissible absorption is ¢*!°, and
putting L, ~L_~1 cm, we obtain py?/(w - w,)=10"* cm™3,
If we take the gas density in the cell to be 10'® cm™ and
a detuning (w - w,)~10%, then we obtain in (18) a value
Aw~10"*-10"° Hz, (23)
that seems to lend itself to experimental verification.
In fact, an electric dipole transition with AF # 0 between
the inversion sublevels is suppressed in ammonia,'? If
the corresponding magnetic transition has a normal val-
ue, this can lead to an increase of Aw. Thus, even
though # is very small compared with the discussed
atomic experiments,'®° experimental observation of
spatial parity nonconservation using the ammonia mol-
cule is not a hopeless task, owing to the very high ac-
curacy of the radio-frequency measurements.

exp {— poLc(

We proceed now to investigate effects of nonconserva-
tion of combined parity. In this case the states ,, as
seen from (9), are directly mixed by the operator V p.
Substituting in (9) the wave functions (13), we arrive
after simple transformations at the expression

(I Vepl—> =E;#A”u“r

F
X[ (570" D)) l¢9"(2-2)~q" @+20) a2 (24)
making in the second term the substitution Z - -Z and
taking the symmetry properties ¢(-Z)=¢(Z) and p¥(-Z;
-Z)=p(Z;Z) into account, we obtain
gz
c'm?

FHVepl=> = (25)

Apens [ o' (2:2)9* (22037,

where p(Z;Z) means differentiation of p with respect
to only the first argument. Recognizing, as we did be-
fore the difference between the characteristic scales of
the functions i, and ¢, we can take the quantity pj
(Z4;Z,) outside the integral sign in (25). Then, taking
into account the normalization of the functions ¢(Z - Z,),
we get

(26)

where p} is the derivative of the electron density at the
nitrogen nucleus.

<+chp|—) = %AJKXNIPN,I
cem

It is convenient to divide p¥(Z) into two parts, sym-
metrical and antisymmetrical with respect to the re-
placement of Z by -Z: p“=pY+p¥. Obviously, only the
derivative of p¥ can differ from zero. Therefore, when
the wave functions (22) are multiplied, a contribution to
py is made only be terms of the type uf;;’azu;;"/az or
Weaysy /8Z, but not of the type ¥4¥ayi}i’/aZ. Calculation
yields for pj a value py =24m* at. un. and we obtain ul-

timately for (+ |V.p|-) the estimate
(+|Vep| —>=16g.0°m a.u., (27)

where « is the fine-structure constant.
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We consider now the possibility of experimentally
measuring the effects of combined-parity nonconserva-
tion, bearing in mind experiments of the magnetic-
resonance type.! Let the molecule be in an external el-
ectric field. Owing to the mixing of the components of
the inversion doublet by the interaction V p, a linear
Stark effect is produced, i. e., splitting of the levels in
accord with the sign of the projection of the total angu-
lar momentum M ;. The magnitude of this splitting is
given by®

4(+1Vepl—>
=TT AR,

where AE, is the inversion splitting in a zero field, F
is the intensity of the external electric field, and D is
the operator of the electric dipole moment of the mole-
cule. When an additional external magnetic field is ap-
plied, the Zeeman splitting of the levels changes also
by an amount AE, and this change depends on the direc-
tion of the electric field F. By the magnetic-resonance
method we can measure the value of AE with high ac-
curacy, to within 10-3Hz.

AE (—|DF|+>, (28)

As seen from (28), it is convenient to use external-
field intensities F such that (- |DF |+)=AE,. In the case
of the ammonia molecule this is reached at F ~10*
V/cm. Now

AE=4(+|Vep| =, (29)

Putting AE =103 Hz and using the estimate (27), we get
from (29)

252107, (30)
This is the lower limit for the constant g, if the linear
Stark effect is not observed in the corresponding exper-
iments. We emphasize once more that the constant g,
cannot be measured in the experiments proposed in
Refs. 5 and 6, since the corresponding effect is masked
there by a stronger effect connected with the constant
Z .8, in the operator (3).

The limitation on g, is simultaneously a limitation on
the electric dipole moment d, of the valence proton, just
as the limitation on the constant g, is simultaneously a
limitation on the electron dipole moment d, (see the dis-
cussion in Ref. 6 concerning this subject). This yields
for the isotope N'* a limitation on the dipole moment d,
of the proton. According to Ref. 6, the presence of the
proton dipole moment leads to an effective interaction
of the type of the second term of (3), with the substitu-
tion

& 14,

— e (f e e

s (31)
m, e

from which follows, taking (30) into account, the limita-
tion

(32)

The limitations (30) and (31) are of the same order as
those obtained in experiment with the molecule TIF
(Ref. 13):

£:<6-10""; d,/e<5-10-* c.m.

To observe parity nonconservation effects it is more
convenient, generally speaking, to use molecules with
heavier atoms, since in that case the electron density

dy/e<5-10-* c.m.
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p¥ at the nucleus and its derivative py, and with them
also the matrix elements V, and V., increase by

(Z jue/Z ) times, respectively. So large an increase

is due to the fact that in molecules with inversion doub-
ling of the levels the effect is determined by all the el-
ectrons, including the internal ones. From this point of
view it is more convenient to use the molecules PH,,
and particularly AsH, or BiCl,, It is necessary, how-
ever, that the inversion splitting be not too small, so
that the compensating field can be monitored in the ex-
periment. Its value for PH, is 1.5 X 10" cm™ (corres-
ponding to a field F ~1-10 V/cm). The increase of Z,,
yields in this case for the PH, and AsH, an amplifica-
tion by 10 and 400 times, respectively.

The authors are deeply grateful to D. G. Gorshkov and
A. N. Moskalev for detailed discussions of the work.
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Vacuum polarization in a strong field and the
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Using the renormalization group, the behavior of the polarization operator for a photon in a static external
electromagnetic field is found for the following two asymptotic cases: a) in the presence of a strong crossed
field, and b) at low energies in the presence of a strong magnetic field. For soft photons, the polarization
operator is expressed in terms of the effective Lagrangian and is calculated in the two-loop approximation for
the asymptotic cases of weak and strong magnetic fields. The structure of the perturbation series in the
radiation field is determined in both asymptotic regions for the three constituents of the amplitude: the one
containing the vacuum part, and the two purely field constituents. It is found that the behavior of the vacuum
and field constituents is similar to those of the polarization operator and of the invariant charge in quantum
electrodynamics with no external field, respectively, at large squared momenta. One of the field amplitudes is
exceptional: for it, the “massless hypothesis” underlying the renormalization-group analysis is not satisfied in

region b).
PACS numbers: 12.20.Hx, 11.10.Jj, 11.10.Gh

1. INTRODUCTION

A number of papers have recently appeared, whose
results once more confirm the importance of investigat~
ing field theories in the presence of static classical
fields in order to solve fundamental theoretical prob-
lems.

In the well-known paper of Coleman and Weinberg,'
and in a series of papers that followed it, a dynamical
symmetry-breaking mechanism was proposed in which
scalar fields acquire nonvanishing vacuum expectation
values. One of the methods of investigating this prob-
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lem involves calculating the radiative corrections to
the potential, i.e. calculating the effective potential for
different variants of the theory.

Interesting results in another direction were obtained
in Refs. 2 and 3 by Ritus, who found the next radiative
correction after the Heisenberg-Euler correction to
the Maxwell Lagrangian for a static field. Using the
effective Lagrangian L(F) as an example, he investi-
gated the structure of the perturbation-theory (PT)
series in the radiation field of quantum electrodynamics
(QED) for an intense field whose field strengths E and
H greatly exceed the critical value F ~m?/e(m and e
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